Those chemically defined media which have been proposed for cultivation of Brucella vary widely, both qualitatively and quantitatively, with respect to their content of sulfur compounds (McCullough and Dick, 1943; McCullough et al., 1947; Gerhardt and Wilson, 1948; Rode, Oglesby, and Schuhardt, 1950) . Since the early studies of Zobell and Meyer (1932) there has been no critical investigation of Brucella relative to their capacities for utilizing those sulfur compounds now known to be involved in the pathways of sulfur metabolism. Experience in this laboratory suggests that more information will be required in order to define the nutritional requirements for optimum growth of these organisms. This report deals with studies of the sulfur nutrition of the suis section of 40 strains of Brucella under investigation.
The 10 cultures studied were typical Brucella suis with respect to morphology, cultural characteristics, bacteriostatic action of dyes (basic fuchsin and thionin), and the production of hydrogen sulfide. They were obtained from the following sources: 3 strains (1C, 2C, and 10C) from Dr. Grace Beal, the University of Chicago; 3 strains (1W, 4W, and 8W) from Dr. J. B. Wilson, the University of Wisconsin; 2 strains (32P and 36P) from Dr. L. M. Hutchings, Purdue University; and 2 strains (492 and 1722) from our stock collection.
The basal medium used throughout the investigation (table 1) was essentially that of McCullough and Dick (1943) modified by omission of available nitrogen and sulfur compounds and by the substitution of chlorides for sulfates. L-Asparagine, 500 pug per ml, was employed as the nitrogen source in much of the investigation. For certain studies, however, a more complex nitrogen source was desirable. In such studies Difco casamino acids, freed of available sulfur compounds by treatment with hydrogen peroxide (Lyman et al., 1946) , were found to be suitable. When added to the basal medium at a concentration of 1,000 ,ug per ml, H202-treated casamino acids failed to support visible growth of any of the 40 Brucella cultures within the customary 5 days' incubation. It should be noted, however, that "adaptation" to growth in this medium was observed after 7 to 30 days' incubation of certain cultures of Brucella suis and Brucella melitensis. Several of these "adapted" cultures were found to have acquired the capacity to utilize cysteic acid and cysteine sulfinic acid, but not sulfate or sulfite. Toennies and Callan (1939) and others have reported that H202 oxidizes cysteine to cysteic acid and sulfate, and methionine to its sulfoxide L. RODE, C. LANXFORD, AND V. SCHUHARDT or sulfone. The wild type of B. suis utilized neither cysteic acid, methionine sulfone, nor sulfate.
In certain tests glutamic acid was used as the nitrogen source at a concentration of 500 ,ug per ml. DL-Glutamic acid supported no visible growth of the test cultures in the absence of added sulfur compounds, but several commercial samples of L-glutamic acid were so contaminated with utilizable sulfur that they supported active growth when added to the sulfur-free base. The contaminating sulfur compound was removed by repeated recrystallization of the L-glutamic acid or was rendered unavailable for growth by oxidation with H202. In the latter method, 50 g of L-glutamic acid were dissolved in 500 ml of water with a minimum volume of HCI. After the addition of 1 ml of 30 per cent H202, the solution was allowed to stand overnight, then steamed 1 hour. The solution was adjusted to pH 2.5 with HCO and refrigerated overnight. Crystals were collected on a filter, washed three times with absolute methanol, and dried in vacuo. Other nitrogen sources used which did not require preliminary purification were DLglutamic acid, DL-and L-asparagine, DL-histidine, and NH4Cl. L-Histidlne and L-glutamine were found to be contaminated with available sulfur.
The basal medium containing the chosen nitrogen source was tubed in 5 ml amounts in 20 by 150 mm pyrex tubes and autoclaved for 15 minutes at 115 C.
Inorganic sulfur compounds were of reagent or cp grade. L-Cystine, DL-cystine, L-cysteine hydrochloride, DL-methionine, L-methionine, D-methionine, cysteic acid, taurine, and glutathione were obtained from recognized commercial sources.
L-Cystathionine and DL-methionine sulfoxide were supplied by Dr. Lester J.
Reed of the Biochemical Institute, University of Texas. Cysteine sulfinic acid and cystine disulfoxide were supplied by Dr. T. F. Lavine of the Lankenau Hospital Research Institute, Philadelphia. L-Cysteine-S-sulfonate was prepared by the method of Clarke (1932) , djenkolic acid by the method of Armstrong and du Vigneaud (1947) , and thiazolidine-4-carboxylic acid after the procedure of Ratner and Clarke (1937) . All sulfur compounds were compared on the basis of equivalent sulfur concentration. Stock solutions of the compounds, prepared immediately before use, contained 1 mg sulfur per ml of solution in distilled water acidified with HCI. These solutions were sterilized by filtration through
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on October 2, 2017 by guest http://jb.asm.org/ Downloaded from fritted glass UF filters and were added aseptically to the basal medium in appropriate concentrations. This precaution was found to be essential, since the response to a given sulfur compound when autoclaved often was directly contrary to the response obtained with the filtered compound. For example, autoclaved thioglycolate was utilized as a single sulfur source, whereas filtered thioglycolate was not assimilated even in high concentration. This is also in line with the observations of Schuhardt et al. (1950) on the effect of heat and filter sterilization upon the utilization of cystine by brucellae. Seed cultures for the preparation of inocula were grown 48 to 72 hours on tryptose agar slants. The growth was suspended in sterile saline and diluted to a scale reading of 12 on the Klett-Summerson electrophotometer. One-tenth ml of this suspension was inoculated to each tube of medium. Although this comparatively large inoculum (1 to 2 million cells per ml, final density) was desirable in order to produce prompt growth with a suitable sulfur source, it consistently failed to yield detectable growth in 5 days in the sulfur-free basal media. All tests were incubated without shaking at 37 C for 3 to 5 days. Turbidities were estimated visually each day, and terminal measurements were made with the Klett-Summerson electrophotometer with blue filter (400 to 465 mMA). Before the turbidity measurements were made, the cultures were placed in flowing steam for 1 hour.
RESULTS
Utilization of inorganic sulfur compounds. Individual inorganic sulfur compounds first were tested in the peroxide-treated casamino acids medium at 2.5 Mug of sulfur per ml. The amount of growth (turbidity) after 5 days' incubation served to indicate the relative capacity of the cultures for utilizing each compound as the sole source of sulfur (table 2). All of the 40 Brucella cultures tested were remarkably uniform in their inability to utilize inorganic sulfur at an oxidation level above hydrosulfite (S207). We are thus unable to confirm the report of Zobell and Meyer (1932) occurs between 1 and 2.5 ,ug is indicative of partial inhibition within this range. In the asparagine medium the maximum cell density was found to be only onethird to one-half that in the casamino acids base, but the growth response to 1951] Na2S204, Na2S203, Na2S, and L-cystine was proportionate to that obtained in the latter medium.
These observations do not permit any conclusions as to the inorganic sulfur compound which serves as the immediate precursor of organic sulfur. It has been assumed by Lampen, Roepke, and Jones (1947) that sulfide is condensed with a C3 compound to form cysteine, and they and others have suggested that cysteine or homocysteine desulfhydrase may catalyze the reaction of sulfide with an unsaturated keto or amino acid. Hockenhull (1949) , however, presents evidence from studies of Aspergillus nidulans mutants which utilize thiosulfate 10-(145) 7 * H202-treated "casamino acids" basal medium with 2.5 pg S per ml, incubated at 37 C for 5 days.
B. msis. If the colloidal aqueous dispersion is sterilized separately from the medium, it is completely ineffective and is, in fact, highly toxic (Schuhardt et al., 1951) . However, when colloidal sulfur is autoclaved in the culture medium, it produces a smooth growth response curve with a maximum around 5 ,&g per ml. It is assumed that in the presence of certain constituents of the medium, the colloidal sulfur is converted by heat to an assimilable compound. The utilization of cystine, cystathionine, and methionine. The ability of B. suis to utilize organic compounds as the sole source of sulfur first was tested in the casamino acids base medium. cystathionine, and DL-methionine. Culture no. 1C typifies the growth response to these compounds in the casamino acids mediulm (figure 1). L-Cystine at 1 to 1.5 ,ug sulfur per ml supported maximum growth, and from the standpoint of m Unimlm cell density was consistently more effective than DL-methionine (table 2). The latter promoted growth more efficiently in lower concentrations (half-maximum growth: cystme, 0.5; methionine, 0.2 jig sulfur per ml), but the growth curve leveled abruptly below the maximuim with cystine. The response to L-cystine and L-cysteine was found to be qualitatively very similar, but for all 10 cultures the R--H compound was slightly less effective than the R--S S-R compound. In 1 to 3 day cultures DL-cystine was approximately one-half as effective as L-cystine, but in older cultures utilization of racemic cystine approached that of the natural isomer, particularly at higher concentrations ( figure 2A ). The pronounced lag in assimilation of D-cystine indicates either an inefficient mechanism for inversion through the corresponding symmetrical keto or imino acid; or perhaps there is a more circuitous route to the L-isomer through desulfuration of D-cystine with subsequent assimilation of the inorganic sulfur. In either case the utilization of D-Cystine for growth, even though delayed, 1951] appears to be an unusual capacity of, microorganisms, since Rydon (1948) has cited no similar instance in his review.
By contrast with cystine, DL-and L-methionine produced very nearly identical growth response at equivalent concentrations at all stages of culture growth ( figure 2B ). The equivalence of DL-methionine implies an efficient system in B. suis for converting the D-to the L-isomer, probably by way of the corresponding keto acid. However, cultures 1 to 2 days old failed to assimilate D-methionine at concentrations below 0.3 to 0.15 pg sulfur per ml, although higher concentrations Base medium: H202-treated casamino acids. One set of cultures was incubated 2 days, the other set for 4 days. Turbidity (ordinate) was determined with the Klett-Summerson electrophotometer.
promoted growth approaching that obtained with DL-or L-methionine. The pronounced sigmoidal character of the dose response curve to D-methionine became less apparent in older cultures, until growth finally approximated that of L-or DL-methionine after 4 to 6 days (figure 2B). From these results it was concluded that L-methionine promotes utilization of its enantiomorph. This was confirmed in subsequent experiments in which the addition of very small quantities (0.01 to 0.02 ,ug sulfur per ml) of L-methionine to the D-methioninel produced growth in the latter fully equivalent to that obtained with like concentrations of Lmethionine alone. More detailed consideration of this phenomenon will be presented in a subsequent publication.
1 It is not certain that this sample of D-methionine was free of all traces of the L-isomer.
However, identical results have been obtained with a highly purified preparation of D-methionine (< 0.1 per cent L-methionine) obtained from Dr. Jesse P. Greenstein of the Nat- Combinations of L-cystine and DL-methionine, such that the total sulfur concentration remained constant, proved to be more effective than either alone. Growth was initiated more promptly, and maximum cell density was increased. Since this effect is much more pronounced with strains of B. melitensis, it will be reported in detail in relation to these organisms.
The mechanism for utilizing L-cystathionine was found to be less efficient than that for cystine and methionine. Growth was somewhat delayed with cystathionine, the sensitivity of response was less than that to cystine, and the dose response curves exhibited a sigmoidal tendency (figure 1). This behavior is not due to toxicity of such possible cleavage products as homoserine or serine, as observed by Teas (1950a) with serine-sensitive Bacillus subtilis mutants, since these compounds did not inhibit growth of B. suis in the presence of cystine. This atypical response to L-cystathionine might be interpreted as indicative of a lag in synthesis of one or more additional intermediate, possibly isomeric with or closely related to L-cystathionine. Although L-cystathionine is the only isomer yet to be isolated from living systems (Horowitz, 1947) , some evidence may be interpreted as suggestive that an isomeric cystathionine (L-allo-?) also may be involved as an intermediate in the cystine =-methionine transformation (Binkley, 1950; Anslow, Simmonds, and du Vigneaud, 1946) . In order to explain the behavior of a certain Neurospora mutant, Teas (1950b) has proposed a "pseudocystathionine" containing a symmetrical (keto-or imino-) a-carbon in the C4 moiety. At least these results suggest that the position of L-cystathionine as the sole intermediate in the cysteine =, homocysteine transformation should receive more critical investigation.
Utilization of homocystine and homocysteine by B. suis has been studied in considerable detail, but the results were of such complexity that it is considered desirable to treat them in a separate report.
Utilization of methionine and cystathionine in asparagine medium. When asparagine, L-or DL-, was substituted for casamino acids as the nitrogen source, methionine or L-cystathionine failed to support appreciable growth within the 5 days' incubation period, although cystine was utilized readily. The defect appears not to involve transformation of methionine to L-cystathionine, or the reverse, since mixtures of the two are no more effective than either alone. Moreover, tests for the sparing effect of L-cystathionine in the presence of low concentrations of cystine indicated that the former could be utilized to the extent of satisfying the methionine requirement, even though it did not substitute for cystine (table 3) . Since cystine obviously can be transformed to methionine, it appears likely that the cystathionine = cystine transformation is inhibited in this medium, if the current concept of sulfur transformation is to be accepted (Emerson, 1950; Rachele et al., 1950) 
It is apparent also that some component of casamino acids relieves this blocked reaction. The maximum effect of casamino acids in promoting utilization of methionine or cystathionine was obtained-with 100 to 500 ,ug per ml. In an attempt to identify the responsible component(s), a variety of amino acids and metabolic intermediates were screened for activity at 100 and 500 ug per ml. Of the amnino acids, only glutamic acid, DL-or -, had appreciable activity, and this was limited to 5 cultures (table 4) . Below 100 ug per ml its activity dropped off precipitously with some cultures or diminished gradually with others ( figure  3A) . Glutamic acid permitted utilization of methionine or cystathionine by 5 of the 6 cultures which utilized it effectively as a source of nitrogen in the presence of cystine. This behavior points to an intermediate of glutamate oxidation (Gerhardt, Tucker, and Wilson, 1950) as the substance actually responsible for methionine utilization. L-Glutamine appeared to be active also but was found to be contaminated with available sulfur. Slight utilization of methionine by 4 cultures occurred in the presence of 500 ,g DL-histidine, but the effect was minor. Other amino acids, including glycine, serine, and alanine, were without appreciable effect, although it is possible that the combination of amino acids in casamino acids exerts an additive effect. Little or no consistent effect was elicited with citrate, malate, fumarate, succinate, oxalacetate, DL-a-amino-n-butyrate, 'y-aino-n-butyrate, formate, ethanol, methanol, glycerol, or adenosine triphosphate. Alpha-ketoglutarate possessed slight activity for 2 cultures. Acetate exhibited definite activity with some cultures but was not effective with others. The effect of acetate was not enhanced by formate. Pyruvate was consistently more effective than glutamate or acetate, and was active at lower concentration. Of all compounds tested, lactate was most effective in stimulating utilization of methionine and cystathionine, and was active in the lowest concentration ( figure 3A) . As little as 10 ,ug lactate per ml affected near-m um utilization of methionine and cystathionine in the asparagine base ( figure 3B asparagine and the casamino acids mediums. The sulfonic acids, cysteic acid and taurine, were not utilized in concentrations as high as 10 jug sulfur per ml and were nontoxic in the presence of low concentrations of cystine. Cysteine sulfinic acid also failed to support growth, whereas cystine disulfoxide was utilized readily by all cultures. Methionine sulfoxide was utilized quite well in the casamino acids medium, but like methionine, was not assimilated in the asparagine base in the absence of lactate. Methionine sulfone was not utilized. These results indicate that B. suis is capable of reducing sulfoxides (and perhaps cysteine sulfenic acid) to their analogous amino acids, but not sulfones, sulfinic acids, or sulfonic acids. t Slight growth of these organisms occurred in a glutamic basal medium with L-cystine as the sulfur source. $ Alpha-ketoglutarate, 500 pg per ml, promoted slight growth with methionine. § DL-Histidine, 500,ug per ml, promoted slight growth with methionine.
11 Tested at levels of 100 and 500 pg per ml.
+ = Growth at concentrations tested.
= Growth at 500 but not at 100 lg per ml. -= No growth.
When thioglycolate and glutathione were tested as the sole source of sulfur at 1 to 100 ,ug sulfur per ml, they were assimilated by only one (1OC) of the 10 cultures. Djenkolic acid was utilized by all but one culture (4W). Thiazolidine-4-carboxylic acid, although utilized by 7 of the 10 cultures at 1 Mg sulfur per ml, was partially or completely inhibitory at 10 MAg sulfur per ml. In tryptose, however, the thiazolidine was nontoxic at 200 ,ug per ml.
SUMMARY
The sulfur nutrition of 10 strains of Brucella suis has been investigated in a sulfur-free, chemically-defined medium, and in a casamino acids medium rendered free of available sulfur compounds by treatment with hydrogen peroxide.
